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A re-evaluation of the urinary parameters of acid production and
excretion in patients with chronic renal acidosis. We have studied
acid-base balance in 32 patients attending the renal clinic of Mount Sinai
Hospital. The parameters of acid-base balance measured included acid
production measured as urinary sulfate and organic anions, net acid
excretion measured as urinary ammonia plus titratable acid minus bicar-
bonate, and net GI absorption of alkali measured by a new method
utilizing urinary electrolytes. Net GI absorption of alkali by urinary
electrolytes measures alkali addition to the body from the GI tract as well
as from any other sources, including bone. All patients had a creatinine
clearance less than 80 mI/mm and they were divided into two groups: those
with normal serum bicarbonate (Group 1; N = 12) and those with
subnormal serum bicarbonate (Group 2; N = 20). Hydrogen ion balance
was —0.6 9 mEq/day in the first group, while those in the second group
had a hydrogen ion balance of + 16 5 mEq/day. A group of 8 normal
controls had a hydrogen ion balance of —0.3 5 mEq/day. When the sum
of all cations was compared with the sum of all anions in the urine, a cation
gap of exactly the same magnitude as the positive hydrogen ion balance
was found in patients with low serum bicarbonate. In conclusion, our data
show that patients with decreased GFR and low serum bicarbonate appear
to have a significantly positive hydrogen ion balance. However, we believe
that the positive hydrogen ion balance is only apparent, but not real for the
following reasons. If the positive hydrogen balance shown by the previous
investigators were due to bone buffering, the positive balance should have
disappeared in our study since we included the contribution of bone
buffers in the calculation of acid-base balance. Moreover, the positive
hydrogen ion balance in our study would indicate the presence of a cation
gap, a theoretical impossibility. The most likely explanation for the
apparently positive hydrogen ion balance, shown only in the low bicar-
bonate group, is a systematic technical error in the current methods for
measurement of parameters of acid-base balance, either an underestima-
tion of net acid excretion or an overestimation of acid production. Further
studies are needed to delineate the sources of technical errors.
Patients with chronic renal failure and metabolic acidosis are
thought to maintain a stable serum bicarbonate level, despite
prolonged cumulative positive hydrogen ion balance, through the
release of alkali from bone. This view is primarily based on the
conclusions from two studies which estimated acid-base balance in
a small number of patients with low but stable serum bicarbonate
concentration. In the first study [1], subjects were ingesting a
specially formulated neutral liquid diet so it was assumed that net
GI alkali absorption was zero, and acid-base balance was esti-
mated as the difference between acid production, measured as
Received for publication January 14, 1994
and in revised form September 13, 1994
Accepted for publication September 14, 1994
© 1995 by the International Society of Nephrology
urinary sulfate and organic anions and urinary net acid excretion.
In the second study [2], patients were ingesting whole food diets
and the net acid production included the net GI alkali absorption
which was calculated from the difference between the potential
alkali in the diet and that in the stool; potential alkali in the diet
and stool was determined by the difference between non-combus-
tible cations (Na + K + Ca + Mg) and anions (Cl + P) in diet and
stool, respectively. Both studies showed a positive hydrogen ion
balance, although of different magnitude, which led to the hypoth-
esis that retained acid was neutralized by dissolution of bone.
However, quantitative analysis of data on bone alkali content does
not support this postulation [3]; simply put, there is not enough
bone alkali to provide for the postulated alkali deficit over such
prolonged periods of time.
If release of alkali from bone is not a satisfactory explanation
for a stable low serum bicarbonate level in the presence of
apparent positive acid balance in renal failure, alternative expla-
nations are required. Unfortunately, repeat studies of acid bal-
ance in chronic renal failure have been hampered by the difficul-
ties associated with stool collection for measurement of net GI
alkali absorption. Recently, it has been shown that the measure-
ment of non-combustible cations and anions excreted in the urine
can be used to estimate the net GI alkali absorption [4]. In
contrast with the traditional method of diet and stool analysis, the
calculation of the net GI alkali absorption by analysis of urinary
electrolytes will also include any source of alkali to the extracel-
lular space, including bone [4].
In the present study we have utilized this new and simplified
method for measuring net GI alkali absorption [4] to determine
acid balance in a large number of ambulatory renal patients while
they were consuming their usual food and performing their usual
activities in an attempt to answer two questions: (1) Is the
apparently positive hydrogen ion balance shown in the past in a
small number of hospitalized patients also present in a large
number of ambulatory patients consuming random diets? and (2)
Is bone buffering an adequate explanation for the apparently
positive hydrogen ion balance in these patients?
Methods
Thirty-two adult patients attending the renal clinic of Mount
Sinai Hospital with a creatinine clearance less than 80 mI/mm and
a stable serum bicarbonate concentration were asked to partici-
pate in the study. Twelve patients had normal serum bicarbonate
(>23 mEq/liter; Group 1) and 20 patients patients subnormal
serum bicarbonate (23 mEq/liter; Group 2), and their data were
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Table 1. Measured and calculated acid-base parameters in non-acidotic
CRF patients (Group 1), acidotic CRF patients (Group 2) and normal
subjects
Group I Group 2 Normals
Number of patients (12) (20) (8)
Creatinine clearance 33 7 19 4 93.6 6
ml/mintC
Serum bicarbonate 27 0.6 20.4 0.4 27.3 1
mEq/liter
Urinary potassium 45 6.3 42 3.6 54 4
Urinary sodium 129 21 98 13 126.5 37
Urinary magnesium
Urinary calcium
6 0.93 0.7
6 0.8
2.4 0.4
7.5 17 1
Urinary phosphorusc 31 4 26 2 39.2 3
Urinary chloride 120 20 99 12 129.7 12
Urinary ammoniac 29 7 19 2 35 3
Urinary titratable acid 12 2 13 2 15 3
Urinary creatinine
Urinary proteint"
1.2 0.1
2.9 0.7
0.9 0.07
3.3 0.8
1.3 0.1
0.07 7
Net acid excretionc 39.7 8 30.8 3 48 6
Net GI alkali absorption +32 7 +23.5 4 +27 9
Urinary organic anions 45 5.5 45 4 41.5 3
Urinary sulfate" 26 4 26 2 34 2
Ion balance —0.6 9 +16 5 —0.3 5
All data are expressed as mean SEM. All the urinary data are
expressed in mEq/day, except for creatinine and protein which are
expressed in g/day and phosphate which is expressed in mmols X 1.8/day.
Group 1 = patients with a serum HCO3 > 23 mEq/liter. Group 2 =
patients with a serum HCO3 <23 mEqlliter.
"Significant difference between Groups 1 and 2 (P < 0,05).
bSignificant difference between Group 1 and Normals (P < 0.05).
"Significant difference between Group 2 and Normals (P < 0.05).
compared with those from eight normal volunteers. All experi-
mental subjects were asked to obtain a 24 hour urine collection
immediately before their next clinic visit. Urine was collected in
plastic bottles which were kept in the refrigerator during the
collection and contained thymol as a preservative. At the end of
the urine collection, blood was obtained for measurement of
routine chemistries. No attempt was made to modify the subjects'
diets and they were instructed to continue with their usual food
intake during the period of urine collection.
The study protocol was approved by the Institutional Review
Board at Mt. Sinai Medical Center.
The following measurements were performed in the 24 hour
urine collection: Na, K, Ca, Mg, Cl, P, protein and creatinine by
the routine hospital laboratory; ammonia (NH3 + NH4) was
measured with the use of an ammonia-specific electrode; pH and
PCO2 were measured in a blood gas machine and bicarbonate was
calculated by the Henderson-Hasselbalch equation assuming a pK
of 6.1; titratable acidity was measured by titrating a sample of
urine from its original pH to 7.4 with 0.1 N NaOH; organic acids
were measured by the titration technique of Van Slyke and
Palmer and with substraction of creatinine [5]; and sulfate was
measured spectrophotometrically after precipitation with barium
[6].
The following calculations were made with the urine data: Net
acid excretion (NAE) Ammonia + titratable acidity — HCO3.
Net GI alkali absorption (NGIA) = (Na + K + Mg + Ca) — (Cl
+ 1.8P). Acid balance (AB) = (sulfate + organic acids) — (NAE
+ NGIA). Ion balance = all cations — all anions = (Na + K +
Mg + Ca + ammonia + titratable acid) — (Cl + 1.8P + sulfate
+ organic acids + HCO3).
Fig. 1. Acid-base parameters in all patients. Symbols are: (•) Group 1; ()
Group 2; ( ) Normals.
All these parameters were expressed in milliequivalents per
day, except for phosphate which was expressed in millimoles per
day and then multiplied by 1.8.
Significant differences between the means were calculated by
the student's t-test. Correlations between biochemical values were
assessed by linear regression analysis. Statistically significant differ-
ence was defined as a P value less than 0.05.
Results
Group 1 included 12 patients (5 women and 7 men; 9 blacks and
3 hispanics) with an average age of 52.7 5 years (mean SEM)
and the following renal diagnoses: hypertension (6), lupus ne-
phropathy (3), diabetic nephropathy (2), and sarcoidosis (1).
Group 2 included 20 patients (14 women and 6 men; 8 blacks, 9
hispanics and 3 caucasians) with an average age of 55.9 4 years
and the following renal diagnoses: diabetic nephropathy (8),
hypertension (4), lupus nephropathy (3), gout and hypertension
(2), polycystic kidney disease (1), Wegener's granulomatosis (1),
and chronic tubulointerstitial renal disease (1). The mean weight
of patients in Group 2 (69.8 5 kg) was not significantly different
from that of Group 1 (72.8 3 kg; mean SEM).
Table 1 shows the urinary parameters for the acid-base balance
in the two groups of patients and in normal controls. By the study
design, serum bicarbonate concentrations were significantly
greater in Group 1 than in Group 2. There were no other statistically
significant differences between the two groups except for urinary
excretion of creatinine, which was greater in Group 1 than in
Group 2. Creatinine clearance tended to be greater in Group 1
than in Group 2, without reaching statistical significance (P =
0.08). Normal controls had significantly higher creatinine clear-
ance, higher urinary calcium, and lower protein excretion than
both patient groups. Normals had a significantly higher urinary
phosphorus, higher urinary ammonia, higher urinary creatinine
and higher urinary sulfate than Group 2. Overall ion balance was
positive in Group 2 and neutral in Group I and controls, although
the differences did not reach statistical significance.
As shown in Figure 1, net acid excretion was significantly lower
in Group 2 than in controls. Although urinary sulfate was
Net acid
excretion
—0.61
Acid
balance
48
36
24
Net acid
production
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significantly lower in Group 2 than in controls, net acid produc-
tion (urinary sulfate + urinary organic anions — net GI alkali
absorption) was not significantly different among the three
groups. The overall hydrogen ion balance was positive in Group 2
(+16 5 mEq/day), but it was neutral in Group 1 (—0.6 9
mEq/day) and controls (—0.3 5 mEqiday). This difference in
acid balance was not statistically significant between Group 1 and
controls, but the difference was marginally significant between
Group 1 and 2 (P = 0.08) and between Group 2 and controls(P = 0.06).
There was a significant inverse correlation between serum
bicarbonate and acid balance (r =
—0.37,P 0.002) and between
creatinine clearance and acid balance (r =
—0.52, P = 0.002).
There was a positive correlation between acid production, mea-
sured as urinary sulfate plus organic anions minus net GI alkali
absorption, and acid balance (r = +0.73, P = 0.03).
Discussion
The studies of Goodman et al [1] and Litzow et al [2] showed
that patients with chronic renal acidosis excrete significantly less
acid in their urine than is produced by metabolic processes and
hence have a positive hydrogen ion balance. Since the patients
had a stable plasma bicarbonate level, these authors concluded
that bone must be the source of alkali needed to fill the gap
between acid production and net acid excretion [1, 2]. In the
current study we have repeated the same measurements in a
larger group of patients with renal impairment, except that we
have used a new method to calculate net GI alkali absorption [4]
based on measurement of the excretory rate of urinary electro-
lytes rather than by electrolyte analysis of diet and stool. Net GI
alkali absorption calculated from urinary electrolytes measures
net alkali absorption from food (which was measured by the
analysis of food and stool electrolytes) as well as alkali from any
internal sources including bone [4]. Our data show that, even
when the contribution of bone alkali is included in the calculation
of acid-base balance, patients with decreased GFR and low serum
bicarbonate still have an apparent positive hydrogen ion balance
of a magnitude similar to that shown by previous investigators [2].
If bone buffers were playing an important role, their contribution
should have been identified by our measurement technique, and
the hydrogen ion balance should have become neutral.
If the inclusion of the net GI absorption of alkali, measured by
analysis of urinary electrolytes, does not eliminate the positive
hydrogen ion balance in these patients, alternative explanations
for a stable serum bicarbonate concentration are required. One
possibility is that the positive hydrogen ion balance is only
apparent but not real, and is due to errors in the current methods
to measure acid production and acid excretion; this possibility is
suggested by the analysis of the daily urinary excretion of cations
and anions in our patients. In order to maintain electroneutrality,
the sum of all urinary cations must equal the sum of all urinary
anions, regardless of the acid balance (all urinary cations = all
urinary anions, and all urinary cations — all urinary anions = 0).
The known cations include sodium, potassium, calcium, magne-
sium, ammonium and titratable acid, and the known anions
include chloride, bicarbonate, phosphate, sulfate and organic
anions. Titratable acid is a measure of the amount of hydrogen
ions consumed to titrate urinary buffers between the pH of the
voided urine and 7.4; since these hydrogen ions either create
positive charges (creatinine to creatinine +) or diminish negative
charges (divalent to monovalent phosphate), titratable acid is
considered as a cation. Hence, Na + K + Ca + Mg + NH4 +
titratable acid = Cl + P + HCO3 + organic anions + 504 The
equation can be rearranged as: Na + K + Ca + Mg — (Cl + 1.8P)
+ NH4 + titratable acid — HCO3 = organic anions + SO4. Since
Na + K + Ca + Mg — (Cl + 1.8P) represents net GI alkali
absorption, (NH4 + titratable acid — HCO3) net acid excretion,
and (organic anions + SO4) acid production, net acid excretion
acid production — net GI alkali absorption.
When urinary electrolyte charges were analyzed in our patients,
a cation gap (the total anions exceeded the total cations) of the
exact same magnitude as the positive hydrogen balance was
observed in patients with renal acidosis, while urinary electroneu-
trality (all urinary cations = all urinary anions) was observed in
the non-acidotic patients. Normal subjects also showed urinary
electroneutrality as non-acidotic patients. This is not surprising,
since the equation for acid balance that we have used (acid
balance = acid production — net acid excretion + net GI alkali
absorption) is the same as the algebraic sum of all urinary
electrolytes as it was demonstrated above. Since actual cation gap
is theoretically impossible, a positive hydrogen ion balance in this
setting is also theoretically impossible. The only plausible expla-
nation for this cation gap lies in errors in the measurement of the
urinary parameters. Random error is not very likely since it should
not result in a cation gap only in patients with renal acidosis. More
likely there is a systematic error in the current methods to
estimate acid-base balance resulting either from not measuring a
component of acid excretion or from overestimating organic
anion loss. The current method for measuring titratable acid
includes only those substances titrated between actual urine pH
and 7.4. The assumption in this method has been that ammonium
is the only substance that would escape measurement by the
titration method. However, this assumption has not been carefully
tested. In fact, normal urine contains significant amount of
cationic substances other than ammonium, which are titrated at
pH above 7.4; such substances could include cationic aminoacids
and amines [7, 8]. It has also been shown that the van Slyke and
Palmer method to measure urinary organic anions may have many
sources of error [9]; specifically, calcium hydroxide removes
substances other than phosphate, resulting in underestimation of
organic anions and urine may contain creatinine-like substances
which will lead to overestimation of organic anions [10]. It is
conceivable that in normals and non-acidotic subjects with mild
uremia, these and other errors cancel out, giving the false
impression that the conventional methods used for measuring
acid production and net acid excretion are accurate and devoid of
systematic error. Obviously, in acidotic uremic subjects the errors
do not cancel out, perhaps because the magnitude of these
systematic errors might be much greater in these subjects. We can
speculate, for example, that patients with uremic acidosis excrete
greater amounts of creatinine-like substances in urine than nor-
mal subjects that will lead to overestimation of acid production or
that they may excrete greater amounts of cationic organic sub-
stances currently not measured as net acid excretion.
We wanted to see whether the theoretically impossible cation
gap also existed in patients from the two studies that are regularly
cited as demonstrating the presence of positive hydrogen ion
balance in chronic renal acidosis [1, 2]. Complete information that
allows calculation of the urine cation gap was available in only one
patient from one of the two studies [1]. The patient was thought
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to have an average positive hydrogen ion balance of 14 mEq/day
[1], and according to our calculation the urine had a cation gap of
8 mEq/day. Since either with or without bone buffering, the cation
gap is theoretically impossible,the only plausible explanation for
the cation gap is random or systematic laboratory error. We
believe that systematic error is more likely the cause of the cation
gap.
The fact that the discrepancy between urine cations and anions
is influenced by the acid-base status is also shown in a carefully
executed study by Lemann et al [111. During an 18 day period of
chronic acid loading in a normal person, the average daily urine
cation gap was 3.8 mEq, whereas during the recovery period, the
average cation gap was —4 mEq!day. The difference between the
two periods is 7.8 mEq/day. Since these values represent average
results of many days, random measurement errors are unlikely to
be the cause of the discrepancy between cations and anions or the
difference between the two periods. Again, the errors are probably
due to excretion of certain substances in the urine that are
influenced by the acid-base status, and which interfere with the
measurement of organic anions or net acid excretion.
The thesis of the participation of bone salts to help buffer the
retained acids would be strengthened by evidence that cations of
the bone salts appear in the urine. Marked hypercalciuria is well
known in acute acidosis [12—14]. Yet, urinary excretion of calcium
is reduced in our data as well as in previous data on acidosis of
renal failure [1, 2].
The major limitations of our study are the lack of control of
dietary intake, and the performance of only one 24 hour urine
collection per patient. However, the advantage is that a large
number of ambulatory patients on their usual diet and activity was
studied, which was our initial intention. Moreover, errors result-
ing from random urinary variation in individual subjects would
tend to cancel out when the mean values are obtained from a large
group of patients.
It is true that our study argues against the importance of bone
buffering in chronic renal acidosis only by inference. One may
argue, for example, that the apparently positive hydrogen ion
balance we have observed could have been even greater in the
absence of bone buffering. On the other hand, the conclusions for
the importance of bone buffering by previous studies was not
based on the direct measurement of alkali release from bone but
rather on the basis of the data on acid production and net acid
excretion. Since the data from our study cast doubts on the validity
of these measurements, we must also question the validity of the
conclusions based on these same methods. The actual magnitude
of contribution of bone buffering can of course be determined if
the net GI alkali absorption is measured by the analysis of stool
and diet electrolytes as well as by that of urine electrolyte. The
latter study still needs to be done.
In summary, acid-base balance was measured using the conven-
tional methods for acid production and net acid excretion with the
measurement of net GI alkali absorption by the analysis of urine
electrolytes. Patients with low GFR and metabolic acidosis ap-
peared to have a positive hydrogen ion balance, whereas non-
acidotic patients with renal insufficiency and normal subjects had
a neutral hydrogen ion balance. Because the method we have used
to measure net GI alkali absorption detects addition of alkali to
the extracellular space from all sources, including bone and the GI
tract, the observed positive hydrogen ion balance in patients with
renal acidosis is a theoretical impossibility. Moreover, the analysis
of net urinary charges showed a cation gap of the exact same
magnitude as the positive hydrogen ion balance, and this further
strengthens our suspicion that the positive hydrogen ion balance is
due to an artifact of measurement. The likely sources of the
measurement error are the methodological limitations in the
current techniques used for measurement of acid-base balance,
resulting in either underestimation of net acid excretion or
overestimation of acid production. Further studies are needed to
test this hypothesis.
Reprint requests to Jaime Uribam, M.D. Mount Sinai Medical Center, One
Gustave Leiy Place, New Yor/g New York 10029, USA.
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